Pulmonary arterial hypertension (PAH) is characterized by a persistent elevation of pulmonary arterial pressure and pulmonary arterial remodeling with unknown etiology. Current therapeutics available for PAH are primarily directed at reducing the pulmonary blood pressure through their effects on the endothelium. It is well accepted that pulmonary arterial remodeling is primarily due to excessive pulmonary arterial smooth muscle cell (PASMC) proliferation that leads to narrowing or occlusion of the pulmonary vessels. Future effective therapeutics will be successful in reversing the vascular remodeling in the pulmonary arteries and arterioles. The purpose of this review is to provide updated information on molecular mechanisms involved in pulmonary arterial remodeling with a focus on growth factors, transcription factors, and epigenetic pathways in PASMC proliferation. In addition, this review will highlight novel therapeutic strategies for potentially reversing PASMC proliferation.
INTRODUCTION
Pulmonary arterial hypertension (PAH) is characterized by a persistent elevation of pulmonary artery pressure accompanied by right ventricular hypertrophy (RVH). Left untreated, PAH can result in right heart failure and death. Our current understanding of the pathogenesis of PAH has expanded significantly in recent years which have resulted in an increase of available treatments and an improved prognosis, but, unfortunately, there is no cure. The exact molecular mechanism of PAH has yet to be resolved. Median survival rates have improved with the recent introduction of endothelin receptor antagonists (ERAs) and phosphodiesterase (PDE)-5 inhibitors, but a recent estimate of survival of 3.6 years is still discouraging (1) . To manage PAH successfully, the reversal or inhibition of pulmonary vascular remodeling must be achieved. This review will highlight the molecular mechanisms involved in pulmonary arterial remodeling and recent advancements in potential therapeutics.
ENDOTHELIAL DYSFUNCTION AND PAH
Endothelial dysfunction is a term applied when the balance between vasoconstrictors and vasodilators in the endothelium is disturbed and is well established in PAH (2) . In PAH patients, the endogenous production of pulmonary vasodilators is low, including endothelial nitric oxide synthase (eNOS), the enzyme responsible for producing the vasodilator nitric oxide (3) . The levels of prostanoids, another class of vasodilators, are decreased in PAH patients and the administration of prostaglandin I 2 (prostacyclin) can improve symptoms and decrease pulmonary arterial pressure in PAH patients (4) . Today, prostacyclin analogues remain a vital source of treatment for PAH patients through their ability to decrease pulmonary arterial blood pressure and inhibit vascular smooth muscle cell (SMC) proliferation. Further studies demonstrated an increase in vasoconstrictors including endothelin-1 (ET-1), thromboxane and serotonin (5) (6) . ET-1 in particular is a potent vasoconstrictor that can constrict blood vessels and contribute to vascular remodeling. Serotonin, or 5-hydroxytryptamine (5-HT) also can increase vasoconstriction and trigger abnormal endothelial-SMC cross-talk. Mouse models of PAH with enhanced 5-HT expression and transport have established a link between 5-HT and PAH (7) (8) . Certain drugs that alter 5-HT levels, including anorexigenics, are associated with an increased risk of developing PAH (9) .
Chronic low grade inflammation is another factor that can contribute to endothelial dysfunction in cardiovascular disease. Conditions such as shear stress or vascular injury can induce upregulation of cell adhesion molecules (Vascular cell adhesion molecule-1 [VCAM-1], Intracellular adhesion molecule-1 ) that can attract inflammatory mediators (monocytes/macrophages, lymphocytes) to endothelial cells which can contribute to remodeling of the vascular wall (10) . Various chemokines (fraktalkine, chemokine ligand 2 [CCL2; also called monocyte chemotactic protein-1 {MCP-1}] and regulated on activation, normal T-cell expressed and secreted [RANTES; also called chemokine ligand 5 {CCL5}]) and receptors (CX3CR1) also are known to be upregulated in the endothelium of PAH patients (11) (12) . In fact, the monocrotaline (MCT) rodent model is used widely to study PAH because it triggers severe vascular inflammation, remodeling, and increases pulmonary blood pressure (13) .
Today, therapies to improve the endothelial dysfunction in PAH patients are available which include the endothelin receptor antagonists, phosphodiesterase-5 inhibitors and prostacyclin analogues. Recent investigations between endothelial cells and SMCs revealed that endothelial dysfunction contributes to vascular remodeling through the proliferative effects of some vasoconstrictors (14) (15) . In addition, the loss of vasodilators can promote cell proliferation (14) . When abnormal proliferation of vascular SMCs occurs, the end result is hyperplasia of the arterial medial layer and occlusion of the lumen. In PAH, significant occlusion of the distal pulmonary arteries increases both pulmonary arterial pressure and vascular resistance, eventually leading to right heart failure and death. Thus, the focus of PAH research has evolved in recent years to incorporate the knowledge that the endothelial and smooth muscle cells both have an effect on the mechanisms that regulate the extensive vascular remodeling observed in patients. Therefore, reversing the vascular remodeling along with improving endothelial function would provide a significant clinical improvement for patients.
MOLECULAR MECHANISMS OF PULMONARY ARTERIAL SMOOTH MUSCLE CELL (PASMC) PROLIFERATION
The categories of PAH differ in their underlying causes, but one feature common to almost all forms is the excessive proliferation of vascular cells in the distal pulmonary arteries (16) . All vessel layers (intima, media and adventitia) are affected which results in severe loss of cross-sectional lumen area and increases the right ventricular afterload (15) . Perhaps the most prominent feature of PAH is the extensive proliferation of the SMCs in the medial layer. The changes in vascular structure suggest a switch from a quiescent state to a proliferative and antiapoptotic state in the progression of PAH. Unfortunately the cellular mechanisms underlying the remodeling process are incompletely understood. This section will provide an overview of several key molecular pathways regulating PASMC proliferation (Figure 1 ).
ET-1
The ET system may be involved in the pathogenesis of PAH. Blockade of ET A and ET B receptors are effective treatments for PAH. ET-1 is a potent mitogen and exerts its effects in PASMCs through binding to either the ET A or ET B receptor, depending on the location of the cell. For example, when ET-1 binds to ET A , a rapid increase in intracellular calcium levels and sustained protein kinase C activation result (16) . Early induction of the mitogen-activated protein kinase (MAPK) pathway and activation of the c-fos and c-jun genes also are reported as a result of ET-1 stimulation (see Figure 1) (17) . ET-1 therefore contributes to the abnormal proliferation of PASMCs in PAH. When ET-1 binds its receptor, vasoconstriction and cell proliferation results in response to activation of phospholipase-C β and the second messengers diacylglycerol and Ins(1,4,5)P 3 by activating calcium channels (18) . ET-1 binding also stimulates MAPK family signaling events by first activating the small guanosine triphosphates (GTPases) Ras and Raf, leading to phosphorylation of downstream MAP kinases followed by phosphorylation of extracellular signal-regulated kinase (ERK) 1/2 (see Figure 1) . Phosphorylation of ERK 1/2 results in p 38 MAPK and c-Jun terminal kinase activation that promotes growth signaling and controls cell survival and differentiation (18) .
Prostacyclin
Prostacyclin, along with prostaglandins and thromboxanes, form a subclass of the eicosanoids called the prostanoids. Prostacyclin is a potent pulmonary vasodilator and platelet inhibitor that exerts its effects through the cyclic adenosine monophosphate (cAMP)-dependent pathways. Acting as a paracrine agent, prostacyclin is released by endothelial cells and binds G-protein-coupled receptors on nearby smooth muscle cells causing adenylyl cyclase to generate cAMP (see Figure 1 ). Elevated cAMP levels activate protein kinase A which results in inhibition of myosin light chain kinase (MLCK) leading to SMC relaxation. In addition to its vasodilatory properties, prostacyclin also inhibits SMC proliferation by activation of cell surface prostanoid receptors, leading to activation of G-protein-coupled receptors and increasing cAMP production (see Figure 1) (19) . The antiproliferative effects of cAMP have been demonstrated in many different cell types (20) (21) (22) . Prostacyclin has been studied extensively in PAH and remains a cornerstone for therapeutic management in patients with severe PAH. Several FDA approved drugs taking advantage of prostacyclin biology are available for use in PAH patients today. On the other hand, a clinical study showed that chronic treatment with epoprostenol (a prostacyclin analog) increased the survival in a patient with idiopathic PAH, but it did not prevent progression of the underlying PASMC proliferation (23) . Remarkably, the RV was able to sustain a normal cardiac output in the face of advanced PA pathology with the mechanism to be explored (23) . However, this observation is based on a case report. A clinical trial with a large cohort is needed before a conclusion can be made regarding the therapeutic potential of prostacyclin.
Transforming Growth Factor β (TGF-β) Family
One of the most important discoveries in PH research includes the identification of germ line mutations occurring in the gene coding for bone morphogenetic proteins (BMPs) of the TGF-β superfamily. Roughly 60% of familial PH cases and 10% to 30% of idiopathic PH patients are estimated to have the mutation (24) (25) . Other genes in the BMP/TGF-β signaling pathway are expected to be involved in the pathogenesis of PAH and evidence supporting this include the additional discoveries of mutations on TGF-β receptors and endoglins identified in PH patients with a family history of hereditary hemorrhagic telangiectasia (26) (27) .
The BMP receptor (BMP-R) is a constitutively active serine/theronine ki- Figure 1 . Summary of molecular mechanisms involved in pulmonary remodeling. In pulmonary artery smooth muscle cells, inhibition of the potassium channels leads to cell depolarization and calcium entry, stimulating excess calcium release from the sarcoplasmic reticulum leading to calcium-calmodulin-regulated cell proliferation. When growth factors (PDGF, VEGF, TGF-β) and mitogens (ET-1) bind to their receptors, various signaling pathways are activated which increase cytosolic calcium levels and activate the MAPK signaling pathway-stimulating transcription factors (c-fos, c-jun, c-myc, and so on) and increase cell proliferation. Prostacyclin's antagonistic effects act by increasing cAMP concentration, which simultaneously inhibits MAPK signaling and activates the PKA/MLCK growthsuppressive pathway. The vasodilator nitric oxide diffuses into the cell and stimulates cGMP production via guanylyl cyclase that results in MLCK dephosphorylation that inhibits cell growth and relaxes the SMC, leading to vasodilation. Finally, depolarization of the mitochondrial membrane by the mitoK ATP channels (see mitoK ATP above) delays apoptosis by inhibiting cytochrome c release and generates hydrogen peroxide (H 2 O 2 ), stimulating transcription factors that drive cell proliferation. Cyto-C, cytochrome c; CaM: calciumcalmodulin complex; S.R, sarcoplasmic reticulum; RyR, ryanodine receptor; PKA, protein kinase A; AC, adenylyl cyclase; GC, guanylyl cyclase; N.O., nitric oxide. Lightning bolt indicates hyperpolarization.
nase receptor and is activated by binding of several specific ligands including BMP2, BMP4, BMP7 and others. Activation of the BMP-R initiates phosphorylation of signaling via the Smad1, Smad5 and Smad8 proteins that eventually allow translocation of a signaling complex into the nucleus and gene transcription regulation to occur (16) . Human PASMCs and PA endothelial cells both express several TGF-β family receptors on their surface. Increasing evidence also suggests that MAPKs including ERK, p38 and Janus kinases are activated by TGF-β and BMP receptors (see Figure 1 ) (28) . Research into BMP-R expression in human PAH patients revealed that BMP-RII and BMP-RIA are both downregulated (29) (30) . TGF-β1 also was shown to induce ET-1 production in human PASMCs through the protein kinase A pathway (31) . Taken together, the TGF-β family plays a vital role in the control of vascular tone and growth but, due to the large family and complex downstream interactions, much has yet to be learned.
Nitric Oxide (NO)
NO is an important molecule that plays a vital role in vascular function. NO is produced in the endothelium but, when released, it diffuses into SMCs where it acts as a vasodilator by stimulating production of the second messenger cyclic guanosine monophosphate (cGMP) from guanylyl cyclase, leading to dilation of blood vessels by dephosphorylation of myosin light chain (see Figure 1 ) (32) . NO also has the ability to inhibit SMC proliferation through the ERK pathway (33) . The ERK pathway can be pro-or antiproliferative depending upon the activation status of the small GTPase RhoA; where inactivation of RhoA inhibits proliferation of smooth muscle cells. NO has been shown to decrease Rho activation and inhibit proliferation of SMCs (33) . NO is an important mediator in PAH because the lack of NO availability in patients contributes to decreases in pulmonary vasodilation and promotes SMC proliferation.
Calcium Channels
In addition to promoting cell contraction by binding to calmodulin and stimulating MLCK, calcium is a critical second messenger that can regulate proliferation and gene expression within the smooth muscle cell (34) . Calcium exerts its proproliferative effects by binding the calmodulin complex which then stimulates production of c-fos and c-jun causing quiescent cells to enter cell cycle which drives proliferating cells through mitosis (see Figure 1 ) (34) (35) . In addition, the magnitude, duration, amplitude and frequency of mitogen-induced calcium increase can influence what set of genes are activated (34) . For example, PDGF stimulates signal transducer and activator of transcription 3 (STAT3) phosphorylation, leading to the upregulation of c-jun which activates transcription of the transient receptor protein-canonical (TRPC) genes (36) . TRPC genes encode for large cation channels responsible for many voltage independent calcium pathways in vascular cells (34) . TRPC1,3,4 and 6 have all shown to be expressed in PASMCs and are suggested to mediate proliferation. Preliminary results suggest TRPC6 is highly expressed in lung tissue and proliferating PASMCs of PH patients and was shown to increase agonist-induced calcium entry through the STAT3/c-jun pathway (37) . Most importantly, inhibition of TRPC6 with antisense was demonstrated to inhibit agonistinduced PASMC proliferation and to improve vascular tone (36, 38) . Understanding the abnormal calcium signaling in PH therefore remains an attractive therapeutic approach and is an area of active investigation.
Potassium Channels
Hypoxic pulmonary vasoconstriction results in the closing of voltage-gated potassium (Kv) channels and the resulting membrane depolarization triggers opening of voltage-gated calcium channels. In PASMCs from PH patients, Kv1.5 was downregulated compared with cells from normal patients (39) . Also, microarray studies of lungs from PAH patients have shown suppression of Kv channel genes (40) . In rats with chronic hypoxia-induced PAH, Kv1.5 and Kv2.1 are both downregulated. The loss of Kv channels in PASMCs leads to depolarization of the cell and a subsequent influx of cytosolic calcium that ultimately initiates vasoconstriction and proliferation of the SMCs (16) .
Recent evidence suggests that Kv1.5 and Kv2.1 are not the only Kv channels involved in regulating the membrane potential in PASMCs. Further investigation into potassium channels showed that the PASMC resting potential depends on background K + currents comprising voltage-dependent and -independent components (41) . Members of the KCNQ (Kv7) potassium channels, notably KCNQ4, were shown to regulate, in part, the intrinsic tone of pulmonary arteries and may provide alternative routes for treating PH (41) . Reports indicate that KCNQ channels effect pulmonary artery tone by preventing voltage-gated Ca 2+ channels from opening, so it is reasonable to suggest that they are also directly affecting PASMC growth and proliferation via Ca 2+ release as well.
Potassium channels located on mitochondria can affect PASMC growth and proliferation. By use of the hypoxia model, mitochondrial ATP-sensitive potassium (mitoK ATP ) channels were demonstrated to depolarize the mitochondrial membrane potential, leading to inhibition of cytochrome c release and an increase in hydrogen peroxide levels. Increased hydrogen peroxide can promote proliferative and antiapoptotic responses in the cell. The mitoK ATP channel blocker, 5-hydroxydeconoate (5-HD), partly reduced the hypoxia-induced responses through increasing cytochrome c release causing an increase in apoptosis. Hydrogen peroxide stimulates cell proliferation by increasing expression of early response genes belonging to the AP-1 family including c-myc, c-jun and egr-1 (42) . Hydrogen peroxide levels were reduced by 5-HD administration and pre-vented the proliferation response. The exact mechanism of how mitoK ATP channels affect the production of hydrogen peroxide is unclear at this time.
Apoptosis
One method for potentially reversing the proliferation of PASMCs would be through manipulating apoptosis. The idea that apoptotic-resistant endothelial or smooth muscle cells may be contributing to or initiating the progression of PH has been suggested (43) . Dichloroacetate, a metabolic modulator, was shown to increase expression of voltage-gated potassium channels that depolarize PASMC mitochondria, causing release of cytochrome c, thereby enhancing apoptosis (44) . Apoptosis signal-regulating kinase-1 (Ask-1) is a member of the MAPK-kinase family that, when activated, stimulates JNK and p38, inducing apoptosis and has been demonstrated to play a central role in proliferation of SMCs due to injury (45) . These are some examples of how apoptosis pathways could be targeted to reverse the in vivo PASMC proliferation and pulmonary remodeling that occurs in PH patients.
Epigenetics
Heritable changes in phenotype or in gene expression states that are not involved in the DNA sequence itself describe epigenetic modifications. Examples of epigenetic modifications include histone modifications, DNA methylation, and RNA interference (Figure 2) . DNA methylation and histone modification are the major epigenetic events that selectively activate or inactivate cell growth, proliferation and apoptosis-controlling genes. Epigenetic mechanisms can either be acquired or inherited, and provide a means for gene and environment interactions to take place. There is substantial evidence that supports a role for epigenetic involvement in the mechanism of several diseases including cancer, asthma and heritable disorders (46) (47) .
Recent evidence suggests that epigenetic factors may play a role in PAH. Archer et al. described a tissue-specific, epigenetic deficiency in superoxide dismutase (SOD) that initiates and sustains a heritable form of PAH by impairing redox signaling in PASMCs (48) . The impaired redox signaling created a proliferative and apoptosis-resistant condition in cells. Specifically, they observed a decrease in Kv1.5 channels and a rise in cytosolic calcium that increased cell proliferation while SOD augmentation reversed the proliferation of the PASMCs (48). Xu et al. reported that changes in the chromatin structure of the eNOS gene increased its expression in a model of newborn pulmonary hypertension (49) . They suggest that these changes allowed for the binding of transcription factors that increased gene transcription of eNOS and contributed to endothelial dysfunction. These results provide further evidence that epigenetics may contribute to the disease pathogenesis of PAH. The early investigations into epigenetics and PH are exciting because they could provide a link to risk factors for developing the disease and may even contribute to overall disease development. The works by Archer et al. and Xu et al. clearly provide evidence for a direct link between epigenetic modifications in PAH that alter the vascular biology which may contribute to endothelial dysfunction, SMC proliferation and apoptosis resistance, three mechanisms that are critically involved in pulmonary vascular remodeling.
Recently, conserved and noncoding RNAs such as microRNAs (miRNAs, miRs) have been identified as essential mediators of a variety of genes and cellular processes (50-51). Interestingly, miRs regulate cell survival, differentiation and proliferation, suggesting that miRs may be involved in pulmonary arterial remodeling. The miR-21 expression is increased in remodeled pulmonary vessels of animal models of PAH and human PAH (51-52); miR-21 regulates hypoxia-associated PASMC proliferation and PA remodeling (53-54). Parikh et al. (52) found that hypoxia and BMP receptor type 2 signaling independently upregulate miR-21 in cultured PA endothelial cells. Targeted deletion of miR-21 increases Rho-kinase activity and exacerbated PAH and PA remodeling (51). The nuclear factor of activated T cells (NFAT) signaling pathway is linked to PASMC proliferation and PAH (55). Kang et al. found that miR-124 inhibited NFAT receptor activity and decreased both the dephosphorylation and the nuclear translocation of NFAT (55) . Hypoxia downregulated miR-124 in human PASMCs; consistent with the activation of NFAT during this process. Overexpression of miR-124 not only inhibited human PASMC proliferation, but also maintained its differentiated phenotype by repressing the NFAT pathway (55) . It was reported that miR-206 regulates PASMC proliferation and differentiation (56) and that miR-210 has antiapoptotic effects in PASMCs during hypoxia (57). Courboulin et al. reported that miR-204 plays a role in human PAH and PA remodeling (58) . This group also demonstrated that the role of miR-204 and NFAT in PAH may be mediated by the DNA damage/ PARP-1 signaling pathway (59). Drake et al. reported that heritable pulmonary arterial hypertension (HPAP)-associated mutation engender a primary defect in noncanonical miR processing, where bone morphogenetic protein (BMP) signaling is partially maintained (60) . Smad-8 is responsible for this miR pathway. Induction of miR-21 and miR-27a is a critical component of BMPinduced growth suppression, loss of which likely contributes to PASMC proliferation in HPAP (60). Kim et al. reported that an endothelial apelin-FGF link mediated by miR-424 and miR-503 is disrupted in PAH (61) , suggesting that these miRs may be involved in PA remodeling. It should be emphasized that the role of miRs in PASMC proliferation and PA remodeling is still largely unknown although recent data is emerging quickly (62) . It will be interesting to investigate if modulation of miRs could serve as a new therapeutic strategy for reversing pulmonary vascular remodeling (63) (64) .
GROWTH FACTORS AND PASMC PROLIFERATION
Growth factors regulate a wide variety of physiological processes including cell migration, differentiation, proliferation and survival (65) . There are a variety of growth factors including epidermal growth factor, fibroblast growth factor, vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF) and others. Growth factors bind to specific receptors with receptor tyrosine kinase activity and, among them, the PDGF receptors are the most intensively studied systems.
PDGF
Identified more than 30 years ago, PDGF biology has evolved into a major player in therapeutic research encompassing many fields including embryonic development, angiogenesis, cancer biology and cardiovascular disease. The PDGF family consists of four ligands (PDGF A-D) that combine to form five homo-and heterodimeric isoforms. The dimers exert their effects on two receptors (platelet-derived growth factor re- D 2 0 : 1 9 1 -2 0 1 , 2 0 1 4 Figure 2 . Epigenetics and pulmonary hypertension. Methylation of CpG islands in the promoter region of genes can lead to either hypo-or hyperacetylated promoters. This, in turn, can lead to increased or decreased gene transcription. While the pathways are not clearly defined, it is expected that an increase in oncogenes and/or a decrease in tumor suppressor genes can promote the abnormal cell proliferation of PASMCs. RNA interference is a well-described mechanism where miRNAs target specific mRNA and lead to degradation, preventing translation into mature protein. Lastly, histone modifications (either acetylated or methylated lysines and arginines) can promote or prevent transcription factor-mediated gene transcription and lead to increased cell proliferation or apoptosis resistance. These epigenetic mechanisms provide an alternative route for PH development besides mutations associated with the DNA sequence itself. ↑, Increase or upregulation; ↓, decrease or downregulation.
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ceptors [PDGFR]-α or -β) with varying affinities for the five ligands (65) . Upon ligand binding, autophosphorylation of the PDGFR occurs and creates docking sites for signal transduction molecules containing SH2 domains including but not limited to phosphatidylinositol 3 kinase, phospholipase C γ, Src family kinases, SHP-2 phosphatases, GTPase and a variety of other molecules lacking enzymatic activity (which are able to bind through adaptor proteins) (65) . After receptor activation, downstream signaling pathways are initiated, including the MAPK pathway (ERKs, JNKs, p38) and early response genes (c-fos, JunB, c-myc) that mediate cellular processes including apoptosis, cell cycle progression and cell migration (66) (67) .
Early studies investigating the role of PDGF in PAH pathogenesis generated the idea that cell proliferation in PAH patients was similar to various forms of cancer (65) . More recently, evidence supports the hypothesis that molecular mechanisms involved in tumor cell proliferation play a vital role in chronic vascular changes observed in PH (68) . Early reports identified increased PDGF receptor expression in the lungs of PAH patients (69) . PDGF also was found to be an extremely potent mitogen and chemoattractant for PASMCs (70) . In PAH animal models, PDGF ligand and receptor expression was elevated in PASMCs (71) (72) .
With the strong evidence supporting a role for PDGF in the pathogenesis of PAH, investigations then focused on the potential for treating PAH patients by inhibition of PDGF. Initially developed for the treatment of chronic myelogenous leukemia by inhibiting the kinase activity of the proto-oncogene ABL, imatinib (or Gleevec) also was shown to inhibit receptor tyrosine kinase activity. Shermuly et al. first demonstrated that imatinib was able to reverse pulmonary hypertension in two different PH animal models (68) . Pulmonary arterial hypertension, right ventricular hypertrophy and cardiac output were all improved and animal survival increased with the administration of imatinib. Ghofrani et al. then reported preliminary results indicating that imatinib reversed SMC proliferation and neointima formation in a human PAH patient (73) . Drawing on these and other data suggesting the potential application for PDGF therapy in PH patients, a multinational, randomized, placebo-controlled clinical trial was initiated where imatinib was administered concomitantly with ongoing conventional PH treatments in patients (74) . The IMPRES study (imatinib in pulmonary arterial hypertension, a randomized, efficacy study) showed that imatinib improved exercise capacity and hemodynamics in patients with advanced PAH who remained symptomatic on at least two drugs of the currently available three drug classes (74) (75) . However, discontinuations of study medication and serious side effects, including surgical hematomas, were more common in the imatinib group, and further studies are required to assess the risk-benefit profile of imatinib in patients with advanced PAH (74) . It should be emphasized that the results of the IMPRES study were very disappointing and ended up with increased morbidity in the treatment group on imatinib. Therefore, imatinib was not approved for clinical use in PAH. The off-label use of imatinib for this indication is strongly discouraged until further data are available. Clearly, new and specific PDGF receptor antagonists with no or minimum side effects should be developed and tested.
VEGF
The VEGF family is actually a subfamily of the PDGF family of cystineknot growth factors. Currently, there are five families in the mammalian VEGFs including VEGF A-D and placental growth factor (76) . VEGF plays a central role in embryogenic vasculogenesis and angiogenesis and is essential for wound healing and endometrium regeneration in adults (76) . Unfortunately, VEGF's role in the pathogenesis of PAH remains under debate. Evidence of increased VEGF expression was reported in plexiform lesions of PAH patients including one of its receptors, VEGF receptor 2 (77) . By using the hypoxia model to induce PAH, VEGF has consistently been shown to increase and is likely to modulate hypoxia-induced vascular remodeling (78) . In the MCT model, however, VEGF levels appear to be decreased (78) . In fact, it was reported that VEGF attenuated PAH through viral-and cell-based transfer studies in the MCT and hypoxiainduced PAH models, possibly by protecting endothelial cells from injury and apoptosis (79) (80) .
While the role for VEGF in endothelial cells remains to be elucidated, emerging evidence suggests that VEGF may play a significant role in PAH through its effects on PASMCs. Using an in vivo blood flow model, one group demonstrated that VEGF levels in PASMCs were elevated and regulated through a TGF-β/NADPH oxidase pathway that may contribute significantly to vascular remodeling in pulmonary vasculature through increased reactive oxygen species production (81, 82) . In addition, Steiner et al. used an IL-6 overexpression model to show that IL-6 administration increased VEGF levels in PASMCs that led to significant remodeling of the vasculature (52) . The IL-6/VEGF-induced remodeling was accompanied by the observation of increased ERK activation, increased c-myc production and an increase in antiapoptotic proteins survivin and Bcl-2 in PASMCs which created a state of proproliferation and antiapoptosis.
TRANSCRIPTION FACTORS AND PASMC PROLIFERATION
Transcription factors are sequence specific elements that bind to DNA promoter regions, usually in a complex with other proteins, that regulate the transcription of DNA into messenger RNA. Transcription factors including hypoxia inducible factor 1α (Hif-1α), suppressor of cytokine signaling 3 (SOCS3) and nuclear factor kappa B (NF-κB) are known regulators of PASMC proliferation, but research so far has not yielded effective therapeutics (83) . Thus, there remains a need for the discovery of novel transcription factors involved in PASMC proliferation and migration. Several novel transcription factors that may play a role in PASMC proliferation will be discussed (Figure 3 ).
Octamer-binding transcription factor 4 (Oct-4)
A novel transcription factor, Oct-4 is also referenced as POU51, OCT-3/4 and OTF3/4 in the literature. Originally shown to be a critical mediator in maintaining human embryonic stem cells in an undifferentiated state, Oct-4 is suggested to play important roles in the induction of stem cells, tumor growth and, most recently, in the proliferation of PASMCs (83) . Oct-4 expression was suggested to be limited only to germ cells, but evidence supports the presence of Oct-4 in other cell populations including multipotent adult progenitor cells and mesenchymal stem cells (84) . A study conducted by Firth et al. showed that Oct-4 isoforms were upregulated in PASMCs from human PAH patients compared with control cell lines (83) . They also demonstrated increased expression of Hif-2α, a transcription factor known to bind and regulate the Oct-4 promoter in PASMCs from PAH patients. Finally, they showed that hypoxia-exposed PASMCs had increased levels of both Oct-4 and Hif-2α compared with nonhypoxic cells. While molecular investigations of Oct-4 regulation are lacking, early evidence suggests that c-myc and Kruppel-like factor-4 may be involved, two genes associated with cell proliferation and antiapoptosis (52, 85) . The increased Oct-4 expression in hypoxic cells and PASMCs from PAH patients suggests a functional role for Oct-4 in the development and progression of vascular remodeling in PAH patients (83) . This evidence identifies a potential new therapeutic target for vascular remodeling in PAH patients.
Four and a Half LIM Domains Protein 1 (Fhl-1)
Fhl-1 is a protein that belongs to the family of proteins containing LIM domains that are cysteine-rich double zinc finger motifs and mediate protein-protein interactions of transcription factors (86) . Recently, it was shown that in hypoxiainduced PAH, Fhl-1 expression was increased (87) . Interestingly, Fhl-1 expression was increased as early as 1 d after hypoxia exposure and remained elevated for the duration of the 21 d experiment (87) . Expression was limited to the pulmonary vasculature with the strongest localization of Fhl-1 in the SMCs of pulmonary arteries and arterioles, key sites of vascular remodeling. Using the siRNA approach, Fhl-1 knockdown decreased PASMC migration and proliferation while Fhl-1 overexpression had the opposite effect (87) . Lastly, Fhl-1 expression is elevated in the MCT rat model as well. Similar to Oct-4, Fhl-1 expression is known to be regulated by hypoxia-nducible factors (Hif-1α and Hif-2α) and, importantly, Hif is known to be involved in hypoxia-and nonhypoxia-induced forms of PAH (88) (89) . These early investigations theorize that Fhl-1 might be an early response element involved in PASMC proliferation.
Notch-3
The Notch receptors are single transmembrane spanning proteins that, after Figure 3 . Novel transcription factors and pulmonary hypertension. Oct-4, normally associated with embryonic stem cell differentiation, has been suggested to play a role in hypoxia-mediated proliferation of PASMCs through the ability of Hif-2α to bind the Oct-4 promoter and trigger cell growth. Similar to Oct-4, Fhl-1 also was demonstrated to promote PASMC growth and proliferation through activation of the Hif-1/2 factors in response to hypoxia. Increased levels of Notch-3 were shown to induce c-FLIP, an antiapoptotic mediator, in PASMCs, and results in increased apoptosis resistance. Notch-3 also may interact with upstream regulators of the MAPK signaling pathway (including Src and Ras) to promote cell proliferation. Lastly, the Id protein family may act cooperatively to regulate BMP-R-dependent PASMC proliferation via their effects on the cyclin-dependent kinases and have been shown to be affected by prostacyclin therapy, a vital treatment resource for PH patients.
ligand binding, lead to the release of intracellular domains that translocate to the nucleus and form active transcriptional complexes with various proteins that can regulate cell fate and differentiation (90) . Notch-3 is strongly suggested to regulate arterial SMC identity, proliferation and apoptosis. Since PAH is a disease characterized by SMC proliferation, the study of Notch-3 has garnered attention (91) (92) . Notch-3 has been demonstrated to induce c-FLIP expression, an antiapoptotic mediator (93) . While the mechanism remains unclear, it is suggested to exert antiapoptotic effects through cross-talk with the MAPK pathway (93) . Evidence supporting this hypothesis includes the ability of Notch-3 to interact with Src and Ras but again the mechanisms are still under investigation and remain unclear at this time (94) .
In human PAH patients, Notch-3 mRNA and protein is overexpressed (90 -/-mice present with PAH identical to hypoxia-induced PAH. In opposition to these findings, Id3 was elevated in response to hypoxia. The different Id3 expression suggests that this family of transcription factors may act cooperatively in regulating BMP-dependent SMC proliferation due to chronic hypoxia (95) . While the molecular signaling events are still unclear, the cyclin-dependent kinase inhibitor proteins, p21 and p27, appear to be the targets for Id proteins (96) . Both p21 and p27 have been shown to be inhibited by Ids, resulting in cell cycle progression and proliferation in various cell types (96) . Interestingly, in vitro and in vivo results have demonstrated that prostacyclins are effective in enhancing Id1 expression through a cAMP-protein kinase A-dependent mechanism (97) . These insights may provide new strategies for managing PASMC proliferation in PAH patients.
CONCLUSION
Understanding the molecular mechanisms that regulate vascular proliferation remains a key challenge to developing effective therapeutics for managing PAH. Our insight into the vascular biology in PAH has evolved rapidly in the last decade to incorporate the idea that successful strategies for managing PAH will include both restoring pulmonary endothelial function and preventing or reversing remodeling of the arteries due to smooth muscle cell proliferation. Resolving how endothelial dysfunction and the increased production of vasoconstrictors, including ET-1 and thromboxane, activate signaling mechanisms that promote proliferation in SMCs will greatly improve current treatment strategies for patients. However, PAH patients are widely considered to vary greatly in response to treatment and it is more likely that future treatments will focus on individualized therapeutic strategies for patients that hopefully will prove more successful than broad application-based treatments. Furthermore, while high rates of BMP receptor mutations have been observed in PAH patients, only 20% of BMP receptor carriers will actually develop the disease and that, along with the observation that individual patients vary greatly in response to identical treatment regimens, underscores the importance for an epigenetic factor in disease development and progression (46) .
Only lately have we begun to understand the potential for processes that can alter gene expression outside of changes in the DNA sequence itself and how this applies to disease mechanisms. DNA methylation and histone modifications are the predominant epigenetic factors that can activate or inactivate genes which regulate cell growth and proliferation, and these have yet to fully be explored in the field of PAH. Future experiments to understand epigenetic factors and their contribution, if any, to proliferation of SMCs in PAH are needed.
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